Abstract-Three neuropeptides, enkephalin, dynorphin, and substance P appear in the globus pallidus in a unique pattern termed woolly fibers as described previously waber and Nauta (1983) Neuroscience 9, 245-2601. The comparative distribution of these fibers are described in the human globus pallidus and basal forebrain area. The results show two main points: (1) The human globus pallidus is a larger, more intricately shaped structure than previously thought, invading several limbic-related basal forebrain regions. (2) There are differences in the distribution patterns of the neuropeptides described, so that they are found in overlapping, but not matching regions.
It has recently been demonstrated that in the primate central nervous system, enkephalin-like immunoreactivity appears in a distinct pattern characterized by networks of long ribbon-like fibers,'*.'g which are concentrated in the globus pallidus. This unique morphology, which characterizes pallidal dendrites, is now termed woolly fibers2' They are composed of an unstained central core (a non-reactive pallidal dendrite), ensheathed in a dense plexus of thin striatal enkephalin-positive efferents (Fig. lc, d) . Evidence that these fibers are indeed pallidal dendrites ensleeved in a plexus of striatal efferents is described in detail elsewhere.2' However, briefly stated, the key points are (a) woolly fibers bear a striking resemblance to the Golgi-impregnated pallidal dendrites demonstrated in the classical study by Fox et a/.;"' (b) enkephalin-positive woolly fibers disappear in pallidal regions deafferented by striatal lesions; (c) wherever woolly fibers are found, adjacent Nissl sections reveal large pallidal-like neurons; and (d) in all regions where woolly fibers appear outside the conventional pallidal boundaries, they are directly continuous with the main body of the globus pallidus. These fibers have recently been used as a marker for the true extent of the globus pallidus in the rat,2' catI and primate.22 These studies indicate that this structure is much larger than conventionally defined, adding further confirmation to reports demonstrating the ventrorostriatal extention of the globus pallidus which stretches beneath the anterior commissure and into the olfactory tubercle. This region is now referred to as the ventral pallidum.9*2"26, 35, 39 In addition, ramifications were demonstrated extending into the Please address all correspondence to: S. N. Haber. ventral striatum, the dorsal region of the amygdala, the lateral hypothalamus and a limited area invading the bed nucleus of the stria terminalis.
Two other neuropeptides, substance P and dynorphin, another potent opiate, are also characterized by the pattern of woolly fibers in the globus pallidus.2'*22 Peptide-positive woolly fibers are not distributed uniformly. Both rich and poor regions have been identified for each peptide. Thus, for example, enkephalin-like immunoreactivity is clearly seen in the external pallidal segment and ventral pallidum, while it is relatively weak in the internal segment.4~8~'*~22~26~38 Similarly, dynorphin-like immunoreactivity is densely distributed in only certain pallidal regions, primarily in the external segment and the ventral pallidum.4*22*30 On the other hand, substance P-like immunoreactivity is concentrated in the internal segment rather than the external segment, while it is also found in the ventral pallidum.'8~2'
The main input to the globus pallidus is from the striatum (for reviews see Refs 3, 11, 32) and the peptide-positive cell bodies of the striatum are thought to be the source for the peptide-staining seen on pallidal fibers.6~7~Z'~27 Afferents to the rat striatum have been shown to originate both from structures associated with the somatic sensorimotor system and from those associated with the limbic system. These projections terminate in relatively discrete striatal regions, ',2,'3*29,34 dividing the rat striatum into a dorsolateral division (motor-related) and a ventromedial division including the nucleus accumbens (limbicrelated). Projections from the striatum to the globus pallidus are now known to maintain this functional compartmentalization to some extent. '4,24,26,33.40 Thus, inputs from the dorsolateral division terminate in the dorsolateral globus pallidus while afferents from the ventromedial striatum terminate primarily in the ventral pallidum.
Because of the differential distribution of the three neuropeptides, and the possible functional relationships with respect to circuitry, we undertook this study to determine firstly, the extent of the globus pallidus in man; secondly, the differential distribution of enkephalin, dynorphin, and substance P in this structure; and thirdly, the relationship of these peptide distribution patterns to what is known about limbic vs motor circuitries.
EXPERIMENTAL PROCEDURES Three brains from nemologically normal patients were obtained between 8 and 10 h after death. Coronal slabs of approximately 15 mm were cut immediately. Tissue was then fixed by immersion in buffered formalin for 2-3 weeks, then transferred to increasing concentrations of sucrose (50/,, IO%, 20%) and finally stored in 30% sucrose in phosphate buffer for f-3 days. The brains were frozen and cut on a sliding microtome at SOpm.
Antisera to enkephalin and substance P were generously provided by Dr. R. Elde, University of Minnesota and Dr. R. Ho, University of Ohio, respectively. Characterization of these antibodies has been described in detail elsewhere. 19.*s They do not crossreact with each other or dynorphin under imm~ohist~hemical conditions. Antibodies for dynorphin A-(1-17) were directed against the carboxy terminus of dynorphin A and do not crossreact with [Metlenkephalin; [Leulenkephalin; [Metlenkephalin-Arg"-Glu'-Leu*;
[Met]-enkephalin-Arg*-Phe'; Peptide E; Barn 22 P. Dynorphin B, A or beta endorphin; adrenocorticotrophic hormone or alpha-mel~ocyte-stjmuiating hormone. A modified ~ro~das~anti~rox~dase technique of Stern~rger3' as described elsewhetez' was used throughout the present study. Sequential sections were stained with enkephalin, substance P or dynorphin antisera, additional sections served as controls for antisera specificity by preincubating each of the primary antibodies with the corresponding synthetic peptide. These antisera did not crossreact with each other under immunohistochemi~l conditions. Furthermore, antibodies were generated to a peptide sequence unique to the precursor molecules of enkephalin and dynorphin which did not contain the opiate ligand itself. These antisera showed an identical distribution pattern to that seen with the opiates generated from that molecule. The sections were mounted and dipped in a 0.1% solution of osmium tetroxide in distitfed water for 30 s. This was done to intensify the stain. Alternate sections were stained with Cresyl Violet.
RESULTS
As has been observed in the rat and monkey, enkephalin-, substance P-and dynorphin-like immunoreac~vity are all characterized by the pattern of woolly fibers in the human globus palEdus (Fig. I) . At high magnification, this pattern can be seen to be composed of many individual beaded axons wrapping pallidal dendrites. Enkephalin-positive woolly fibers appear to be more widely and densely distributed than the other two neuropeptides, thus suggesting a greater density of synaptic contacts. None of the three neuropeptides are evenly distributed throughout the globus pallidus. This is true both within the conventional boundaries as well as outside those boundaries.
Within the conaentional boundaries
Both enkephalinand dynorphin-like immunoreactivity are quite dense in the external segment and relatively weak in the internal pallidal segment (Figs 3a, c and 6). Substance P positivity, on the other hand, is relatively weak in the external segment while strong in the internal segment (Figs 3b and 6). Within the external segment, positive staining of both opiate peptides appears to be strong throughout. although some intensity differences can be seen. The staining of the more ventro~ateral region appears slightly weaker for both opiates while that of the dorsal and medial regions appears stronger. This is more evident in more caudal sections and in sections with dynorphin antisera (Figs 3 and 6). Although substance P-like immunoreactivity is relatively weak throughout the caudorostral extent of the external pallidum, denser staining can be observed around the perimeter of the nucleus. This is particularly evident in medial and dorsal regions which are adjacent to the internal segment (Figs 3, 6 and 7). The internal segment of the human globus pallidus is divided into an inner portion and an outer portion by the accessory medul~ary lamina. Within the two portions of the internal segment, a region of the inner portion shows moderate enkephalin-positive staining thus setting it apart from the remainder of this segment. Dynorphin-positive fibers are also seen here but are much more restricted with respect to area and density (Figs 3 and 6). Substance P-like immunoreactivity is uniformly distributed throughout both portions of the internal segment.
Outside the conventional boundaries
Woolly fibers protrude into surrou~ing nuclei from the peptide-~ch external pallidal segment, expanding the conventionally accepted pallidal borders. At the level of the central amygdaloid nucleus enkephalin-positive woolly fibers extend medially and laterally from the base of the globus pallidus beneath the ansa lenticularis. A prominent group of woolly fibers continue ventrally and curve around the lateral side of the central nucleus. Joined by a more loosely arranged contingent on the medial side, these enkephalin-rich fibers surround the nucleus (Fig. 2) . A few woolly fibers traverse rather than circumvent the nucleus but none extend into more ventral regions. The woolly fibers of the amygdara are clearly distinguishable from the singie beaded axons seen in the amygdaloid complex as described by Roberts et al.36 Only an occasional dynorphin-positive woohy fiber appears in this region and no substance P fibers are seen here. At this and slightly more rostra1 levels, single as well as small groups of enkep~a~~n-positi~ woolly fibers protrude ventrally into the substantia innominata; again neither dynorphin, nor substance P fibers are seen here (Fig. 3) . At the intersection of the internal capsule and anterior commissure, fibers containing all three neuropeptides traverse the inter- nal capsule into the bed nucleus of the stria terminalis, forming a thin stratum covering the medial surface of the internal capsule (Figs 3 and 7) .
The most massive expansion of pallidal woolly fibers begins caudal and ventral to the anterior commissure and stretches anteriorly through the nucleus accumbens. All three neuropeptides are dense in this large ventral pallidal area (Figs 4 and 8) ; however, enkephalin fibers are the most widely distributed. Directly beneath the commissure, dense enkephalin-like immunoreactivity extends ventrally and medially, thus occupying a rather substantial area. Dynorphin-positive woolly fibers are primarily confined to the region directly ventral to the external pallidal segment. While there is some overlap, substance P-like immunoreactivity appears to be ventral and medial to the subcommissural dynorphinpositive fibers. Neither of these two peptides extend outside the boundaries of the enkephalin-positive staining (Figs 4 and 8) .
Caudal to the anterior commissure, a distinct cluster of enkephalin-rich woolly fibers is seen ventral to the internal capsule, curving dorsalward around the capsule to invade the subcommissural bed nucleus of the stria terminalis (Figs 3 and 6 ). Within this supracommissural nucleus, a dense swirl of enkephalin-positive woolly fibers encapsulates and, in lesser density, permeates a large ovoid cell island centrally located in the bed nucleus of the stria terminalis. This island is rich with enkephalinpositive cell bodies. As seen in the amygdala, these woolly fibers are distinct from the single enkephalinpositive axons seen in the bed nucleus of the stria terminalis. 4' Very few dynorphin-positive fibers are found here and there is no clear evidence of substance P-like immunoreactivity.
At more rostra1 levels, enkephalin-and dynorphinpositive pallidal fibers follow the anterior commissure as it crosses the internal capsule and dense staining is seen on both sides of the capsule as well as traversing it (Fig. 5) . Here numerous enkephalin-positive fibers are also scattered throughout the ventral striatal region including the nucleus accumbens, the olfactory tubercle, the caudate nucleus and the laterally adjacent parts of the putamen. A few dynorphin-positive fibers are confined to the nucleus accumbens and caudate nucleus.
DISCUSSION

D@rential peptide distributions
Of the three neuropeptide fibers, enkephalinpositive woolly fibers are the most widely spread and show the most intense stain both within and outside the conventional boundaries of the globus pallidus.
Within the conventional boundaries. Enkephalin and dynorphin woolly fiber distribution within the conventional boundaries of the globus pallidus are quite similar. Both are more densely distributed in the external segment than in the internal segment, and within the external segment relatively weaker staining is observed in the same lateral portion. While some dynorphin-like immunoreactivity is clearly observed in the inner portion of the internal segment, it is considerably weaker and less extensive than enkephalin-like immunoreactivity.
Substance P-like immunoreactivity distribution, on the other hand, is quite weak (with the exception of the perimeter) in the external segment, while it is uniformly dense in the internal segment. The fact that this is the opposite of what is seen with the opiate peptide distributions has already been described in nonhuman primates and discussed with respect to circuitry." It is noteworthy that the very medial portion of the external segment, adjacent to the internal capsule, is particularly rich in all three peptides (Figs 7d and 8d) .
Outside the conventional boundaries. Neither dynorphin-nor substance P-positive fibers are found in regions which do not contain enkephalin. However, a number of areas which are positive for enkephalin are dynorphin-and substance P-negative (Figs 6-8d) .
The external pallidal segment, as seen with enkephalin-positive woolly fiber distribution, extends outside the conventional boundaries of the globus pallidus in ventral, medial and rostra1 directions, invading the amygdaloid complex, the olfactory tubercle, the bed nucleus of the stria terminalis and the ventral striatum. These findings agree well with earlier observations in the rat 21 (see also Refs 9, 26, 35 and 39) and monkey.22 There are two notable exceptions. The sharply defined enkephalin-positive ovoid island in the supracommissural bed nucleus and the extensive enkephalin-like immunoreactivity in the subcommissural bed nucleus appear to be unique to human tissue (Figs 3a and 6d) . No comparable staining pattern was found in this region of other species.
Contrasts in the distribution of the three neuropeptides are quite evident outside the conventional pallidal boundaries. There seems to be very little substance P-or dynorphin-like immunoreactivity in most of the "extra" pallidal regions such as the amygdala, bed nucleus of the stria terminalis (Fig. 6d) , or striatum. Only the ventral pallidum shows dense staining of all three substances, and within this substructure, neither substance P nor dynorphin are distributed throughout. Dynorphin woolly fibers are observed in a restricted central region directly beneath the anterior commissure and do not spread medially into the subcommissural bed nucleus of the stria terminalis, or ventrally deep into the olfactory tubercle (Figs 6-8~ ). It is noteworthy that substance P fibers show a more extensive medial and ventral subcommissural distribution, but are conspicuously lacking in the central region (Fig. 8b) . This is quite unlike the ventral pallidum of the rat where substance P-like immunoreactivity is dense throughout this subcommissural structure.2' It could be suggested that the area defined as the dorsal pallidum in the rat and receiving input from the caudate nucleus rather than from the nucleus accumbens is, in primates, larger, and extends beneath the anterior commissure, thereby pushing the ventral pallidum, or that region which receives input from the nucleus accumbens, ventralward. Support for this idea comes from tritiated amino acid injections confined to the caudate nucleus of the cat. The label was seen to extend beneath the commissure, but not beyond the dorsal and central aspect.14 This reasoning would suggest that dynorphin is restricted in the rat to the dorsal pallidum. However, this is not the case, since dynorphin-positive fibers are relatively dense in the ventral pallidum of the rat. It raises the interesting question of what area in the primate forebrain is homologous with the ventral pallidum of the rat.
Functional considerations
The distribution of peptide-positive woolly fibers outside the conventional boundaries of the globus pallidus has important implications for the function of the human basal ganglia. Both the main body of the external segment and the internal segment of the globus pallidus are generally associated with the motor system, although at least one efferent projection, to the lateral habenular nucleus from the internal segment, might be considered within the realm of the limbic system. The external pallidal segment, however, extends in ventral, medial and rostra1 directions, invading the amygdaloid complex, the olfactory tubercle, the bed nucleus and the ventral striatum, areas related to the limbic rather than the motor system. While there is no direct evidence that these woolly fibers actually receive limbic information or that the cells on which they synapse project to limbic related areas, evidence from tract-tracing studies in the rat are highly suggestive.
In a previous paper we suggested that the enkephalin-rich woolly fibers in the rat amygdala represent a projection from the most ventral part of the striatum.*'* This receives support studies tracing the efferent connections of the ventral striatum. '4,33,40 Immediately caudal to the anterior commissure enkephalin-, substance P-and dynorphin-positive woolly fibers traverse the internal capsule to invade the bed nucleus of the stria terminalis; this pattern corresponds closely to fiber labeling found in the rat *As described in detail elsewhere, inputs from the limbic system terminate throughout the entire ventromedial portion of the striatum which includes the nucleus accumbens, the olfactory tubercle, as well as the ventromedial caudate putamen, while motor-related afferents project to the more dorsolateral portion of the striatum.'Y This ventromedial part of the striatum stands apart fram the motor innervated dorsolateral part by virtue of its innervation from the hippocampus, amygdala, frontal cortex, cingulate gyrus, the ventral tegmental area of Tsai and the dorsal raphe nucleus of the mesencephalen, all limbic-related structures.
bed nucleus with a tritiated amino acid injection into the nucleus accumbens.3' The most massive pallidal extension, the ventral pallidum, is rich in all three neuropeptides. Experi-, mental evidence in the rat indicates that the main body of the ventral pallidum receives its input from the nucleus accumbens,'4~24~26~33~40 while the most ventrally located portions are thought to receive their afferents from striatal neurons of the olfactory tubercle.25.35 Lesions in these areas of the rat deplete enkephalin-and substance P-like immunoreactivity in the ventral pallidum in a topographic fashion." The oval island of enkephalin-positive woolly fibers in the bed nucleus of the stria terminalis has been found only in human brains; and consequently, animal experiments cannot give us a clue to their striatal source. This configuration, however, is lacking from brains in advanced stages of Huntington's chorea (S. N. Haber, unpublished observations) whereas it appears normal in earlier stages of the disease. This would suggest that these afferents arise from the nucleus accumbens since the striatal degeneration, which characterizes the disease, is known to affect the nucleus accumbens only in its later stages. ' These results show that the human globus pallidus is a larger and more intricately shaped structure than previously thought. It ramifies into several limbicrelated structures and parallel animal experiments strongly suggest that these areas receive input from the limbic-afferented portions of the striatum. Based on their localization in limbic-related neuropil, it is likely that these pallidal neurons engage, at least in part, in limbic circuitry. Recent studies have provided some support for this hypothesis."." Anterograde studies of the ventral pailidum have shown that this area projects to the dorsomedial nucleus of the thalamus, the ventral tegmental area of Tsai, the ventral striatum and the lateral habenular nucleus. Furthermore, choline acetyltransferaseand acetylcholinesterase-positive neurons in this region, which project to the amygdala,'",",4' lie embedded in the network of peptide-positive woolly fibers.".?' Finally, the fact that the distribution of the three neuropeptide-positive woolly fibers coincides in some limbic related pallidal areas while not in others suggests regional differences in peptide cell distribution in the striatum; thus some regions might contain enkephalin-positive cells and few or no substance P and dynorphin neurons, while other areas contain all three. Patches of peptide-positive regions in the neostriatum have been well documented.4.'2 Thus areas of the striatum which, for example, project to the globus pallidus located in the bed nucleus of the stria terminalis, olfactory tubercle and amygdala do not appear to use dynorphin or substance P as a modulator, while those projection to regions of the ventral pallidum might use all three. Alternatively peptidecontaining striatal neurons could be relatively evenly distributed throughout the striatum but project differentially to the globus pallidus. In either case it is clear that enkephalin-positive woolly fibers are far supplying us with normal brains, the Brain Tissue Resource more widespread and therefore likely to receive input Center, McLean Hospital, Belmont, Massachusetts, for from all parts of the striatum. supplying us with pathological brains and J. Schu for her valuable technical assistance. This study was supported by NIH grant No. 5-R23-NS20467-02 and a grant from the 14.
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